Abstract: In this work, a novel design for small vibrotactors called Dual Excenter is presented, which makes it possible to produce vibrations with independently adjustable frequency and amplitude. This feature has been realized using two coaxially aligned eccentric rotors, which are driven by DC motors independently. The prototype of the device has been built, where mechanical components are integrated on a frame with two optical sensors for the measurement of angular velocity and phase angle. The system is equipped with a digital controller. Simulations confirm the results of analytical investigations, and they allow us to model the sampling method of the signals of the angular velocity and the phase angle between the rotors. Furthermore, we model the discrete behaviour of the controller, which is a PI controller for the angular velocities, and a PID controller for the phase angle. Finally, simulation results are compared to experimental ones, which show that the Dual Excenter concept is feasible. 
Introduction
Transmitting information by mechanical vibrations has become an essential way in many personal, industrial and military applications [1] . Nowa-days cell phones could hardly be imagined without the vibration alert, which makes it possible to inform the user about various events silently. The success of this feature inspired designers of many other personal or industrial handheld devices. As the visual perception of the man recognises only things which are in the direction of his sight, car manufacturers have developed applications to avoid hazardous events using sound or vibration signals [2, 3] . There are also vests and belts, which can aid the orientation of air force pilots by mechanical vibrations transmitted to the skin, indicating top or down directions, or direction of attack. This could not be done by visual or sound signals, because the visual and auditory processing capacity of the pilots may already be overloaded [4] . This way it is also possible to teach and guide different postures and movements by vibrotactile feedback to do physiotherapy for stroke patients [5] .
Todays standard vibrotactors are DC motor driven eccentric rotors called eccentric rotating mass (ERM) vibrotactors. This concept allows a very simple design, but as the frequency and the amplitude of the excited vibrations are not independent, the performance of such devices is limited. In most common applications for vibrotactors like cell phones or video game controllers, the excited vibration has to be adjusted to the sensitivity of the users skin, so frequencies much higher than the optimum cannot be used due to possible pain caused by large amplitudes; while at frequencies lower than the optimum, the amplitude may go below the sensation threshold of the skin [6] . This way the standard ERM vibrotactor only enables the indication of an event. If the complexity of the transmitted information has to be increased, different vibration patterns could be used. The disadvantage of such solution is that the user has to interpret the meaning of the patterns, which puts additional cognitive load on him. However, the capability of mechanoreceptors in human skin to differentiate between different vibration parameters [7] could be used in a more intuitive way. Thus it is possible to transmit information by changing vibration amplitude and frequency separately. Also, in experimental applications where exact vibration parameters (amplitudes and frequencies) have to be set during operation, simple vibrotactors like the ERM vibrotactors cannot be used.
The dual-rotor vibrotactor concept presented in this work -also called as Dual Excenter -solves the problem of the coupling of the vibration frequency and the amplitude. In this concept two coaxially positioned eccentric rotors are used for generating mechanical vibration. As the resulting vibration is the superposition of the vibrations of the two rotors, the amplitude can be changed by the phase difference between them. With another words at a given angular speed of the rotors the resulting eccentricity of the whole system can be adjusted by tuning the position of the rotors relative to each other. This relative position can be identified as an angle between the rotors, named phase angle, and so it will be related to the amplitude of the excited vibration. Furthermore, the angular speed of the two rotors are related to the frequency of the excited vibration. Of course, the angular speed also limits the maximal available amplitude, since it is the linear function of the eccentricities (defined as mass times length) of the rotors and the quadratic function of the frequencies.
This way, a complex sensation can be generated on the human skin, or the excitation for a laboratory experiment can be set by selecting the amplitude and the frequency independently. The method is showed in Fig. 1 where different configurations are depicted. The small black circles show the centres of mass (CoM) of the rotors and the large circle represents the common CoM of the two rotors, respectively. If the angular speeds of both rotors are the same, the common CoM moves on a circular path as well. As it can be seen, the distance between the common CoM and the axis of rotation can be changed by the relative position of the CoMs of the rotors. Zero amplitude is only possible, if the eccentricities for both rotors are the same. The Dual Excenter concept solves not only the problem of the constrained coupling between frequency and amplitude, but it also enables some attractive working modes showed in Fig. 2 . If the two rotors run in the same direction with different angular velocities, the resulting vibration will be a pulsating one. In case of opposite rotor directions and with equal angular velocities the vibration is one-directional rather than rotating, and with dif-ferent angular speeds this direction can also be modified. In these latter cases the independent amplitude and frequency cannot be achieved.
The concept also enables fast changes in vibration amplitudes without slowing down and speeding up again the rotors, because only a change in the phase angle is needed. This can be carried out quickly and energy-efficiently. 
Mechanical model of the dual-rotor vibrotactor
To investigate the feasibility of the novel Dual Excenter concept, a mechanical model has to be constructed. Doing this, the main components of such device have to be considered, which have significant influence on the dynamics of the system. One of the possible designs of the device is depicted in Fig. 3 . The main parts of the device are the two eccentric rotors, the driving DC motors, which are mounted on the frame. This frame can be suspended on any object (like the human skin or the frame of a cell phone). In simple case the suspension can be considered as a linear system of springs and dampers.
Generally, the motion of the frame could be 6 degrees-of-freedom spatial motion, however for analytical investigations some simplifications could be introduced. If the suspension of the system is considered as isotropic and the two CoMs of the eccentric rotors are rotating in the same plane (or approximately the same plane), the motion of the frame can be considered as planar motion. The plane of the motion is then normal to the common rotational axis [8] . Furthermore, both rotors and driving motors have the same physical parameters. Later experiments show that these simplifications do not limit the validity of the proposed mechanical model. The planar mechanical model of the device can be seen in Fig. 4 . In Fig. 4 point O is the origin of the global reference frame, which in case of undeformed springs coincides with point C, which represents the common rotational axis of the rotors. The position of point C is given by the polar coordinates a and ϑ. Furthermore, the angular positions of the two rotors are given by the anglular position of the common bisector of the rotors ϕ measured from the horizontal (this in turn indicates the angular position of the common CoM), and the angle between the rotors and the common bisector δ, which is actually the half of the phase angle of the rotors. So the mechanical model has 4 degrees-of-freedom. The suspension of the frame is parameterized by the spring stiffness k and damping coefficient c. The mass of the common frame is m, while m 0 and e are the mass and eccentricity (length) of both rotors, respectively. The mass moments of inertia of the rotors about the axis of rotation can be considered by the parameter J. The driving motors are taken into account by the torques T 1 and T 2 , where the stationary performance of the DC motors has been used as follows.
where T is the stationary torque of the motor, k t and k e are the torque-and speed constant, u is the driving voltage, and R is the electric resistance of the motor coil. The derivation of the dimensionless equations of motion in Eq. (2) can be found in [8] , where c ∆ , c Θ , s ∆ and s Θ are the sine and cosine of angle ∆ and Θ, respectively.
where capital letters A, Θ, Φ and ∆ are the dimensionless pairs of the generalized coordinates a, ϑ, ϕ and δ, respectively. ζ is the damping ratio of the suspended frame, k 1 contains the inertial-, while r the electric parameters of the system. ΣU and ∆U are the dimensionless sum and the difference between the driving voltages, respectively. Prime denotes derivation with respect to the dimensionless time τ = t α, where t is the time in seconds and α is the eigenfrequency of the suspended frame. Assuming that
so all coordinates, except for Φ are constant, and λ = Φ , which is the frequency ratio between the angular velocityφ and the eigenfrequency α of the suspended frame, is also constant, the steady state motion of the system can be investigated. Substituting Eqs. (3) in the equations of motion (2) the formulae for a, ϑ and the sum and the difference between the driving voltages of the motors can be given as the functions of the frequency ratio and the ∆ 0 half of the phase angle.
The formulae in Eqs. (4) are very similar to the amplitude and phase delay of an eccentric excited oscillator. Nevertheless Eqs. (5) mean, that for every λ 0 and ∆ 0 the values of the motor driving voltages can be given where the system has steady state motion characterized by the frequency ratio and the phase angle. To be able to realize such steady state motions the investigated working point should be stable. After the linear stability analysis of the working points (λ 0 ; ∆ 0 ) a characteristic stability chart can be seen in Fig. 5 . Here we can see that the stationary motion is stable around ∆ 0 = 0 below the resonance frequency of the suspended frame, which is in-phase motion of the rotors, and around ∆ 0 = π/2 above the resonance frequency, which is anti-phase motion. Table 1 ).
So even if the driving voltages are not equal, stationary motions can be observed in some regions, thus the rotors have the same angular speeds. This phenomenon is caused by the mechanical-or self-synchronization between the two eccentric rotors.
The mechanical synchronization was first investigated by Huygens, who experienced the synchronization of pendulum clocks attached to a common base [9] . Later many scientists worked on the theory of this phenomenon [10, 11, 12] . Recently Leonov showed a general method to handle with phase synchronization [13] , and his work on the in-phase synchronization of two metronome pendula shows, that there are still open problems in this area [14] . The work of Czolczynski et al. points out, that the mechanical synchronization occurs not only in unidirectional rotation of the eccentric rotors, but also with rotors turning in opposite direction [15] . Wen et al. investigated the planar motion vibratory screeners excited by two or four eccentric rotors [16, 17, 18] .
In the following sections the mechanical synchronization of the system is investigated by means of simulations and experiments, and the possibility of stabilization of the whole working area of the Dual Excenter by a simple controller is analyzed.
Simulation results
For simulation purposes the chosen generalized coordinates showed in The modified equations of motion can be derived with the Lagrangian equation of the second kind. Introducing the parameter E = e m 0 the equations of motion have the form as Eq. (6).
Based on the modified equations of motion numerical simulations have been carried out with the system parameters listed in Table 1 , which are obtained from the experimental prototype device of the Dual Excenter in Fig. 7 . The inputs for the simulation are the driving voltages of the two DC motors. First, the mechanical synchronization is investigated with different driving voltages, focusing on cases, where first the sum of the voltages changes, while the difference between them is held zero. The results of this simulation can be seen in Fig. 8 . The initial phase angle between the two rotors is about 2 radians. Then, as the frequency increases, the mechanical synchronization brings the rotors in-phase. After reaching the resonance of the suspended frame, the phase angle quickly changes from zero to π. There is one more interesting effect: as the frequency approaches to the resonance, the amplitude of the vibration gets higher, which causes increased power consumption on the DC motors. This is called the jamming of electric motors [19] . So the passage through the resonance can only happen, if the driving voltage reaches a value large enough to cover this demand. This happens then with a characteristic jump in the frequency diagram.
In the second simulation the sum of the driving voltages is constant, and the difference between them is changed in steps. Fig. 9(a) shows the behaviour of the system above the resonance frequency, and Fig. 9(b) below the resonance. One can see that the frequencies of both rotors are the same as long as the voltage difference reaches a maximal value. Then the mechanical synchronization gets lost, and the rotors are turning with different angular velocities. As it could have been suspected, below the resonance with increasing voltage difference the system can be deviated from the in-phase (large amplitude) state, and the anti-phase domain is unstable. Above the resonance the behaviour is the opposite.
These results indicate that the system is capable to generate vibrations with different amplitudes at a given frequency, but the amplitude is limited to the stable regions, and it depends on the resonance frequency of the suspended frame as well. This makes the robust and optimal application of the device not possible.
For this reason a simple control is applied onto the system. Control of such system has been done by Liu et al., however the aim of their work was to achieve stable in-phase synchronization [17] . In this study only the feasibility of the control of the system is investigated, the control strategy and control parameters may not be the optimal ones.
The analytical investigations as well the simulations showed that the frequency of the generated vibration depends mainly on the sum of the driving voltages, and the phase angle at a given frequency can be adjusted by the voltage difference. These two inputs clearly define the driving voltages for the motors. The feedback for the control is the frequency and the phase angle, which can be measured e.g. by optical sensors on both rotors. In the current prototype the rotors are manufactured that way that the signal of the optical sensors changes in every turn twice. The frequencies f 1 , f 2 and phase angle ε = 2δ can be calculated from the time required for every signal change and from the delay between the changes of the two sensors, respectively. Knowing these values the input voltages can be given by Eqs. (7) and (8) .
∆u ctrl = ∆u steady + P eps (ε desired − ε) + D epsε (8) where the steady voltage values can be calculated from Eqs. (5) . The P and D parameters are proportional and differential gains, respectively. The first derivative of the phase angle can be obtained from the difference between the angular velocities. With this control strategy simulations were carried out, where the effects of a digital control were taken into account, like digital sampling, time delay of the sampling of frequency and phase angle, time delay of control signal, and discrete values of the control signals. The results of a simulation can be seen in Fig. 10 . One can see that with control parameters optimized for a frequency around 80 Hz the control of the phase angle is possible with good performance. However, if the frequency decreases, the stability of the control loses because of the increased time delay in the signal feedback, and at higher frequencies the accuracy of the control deteriorates because of high forces, returning the system in stable regions.
Experimental results
The results obtained from simulation were validated by measurements on the prototype device showed in Fig. 7 . First, the measurement according to the simulation in Fig. 9(a) was carried out, as it can be seen in Fig. 11 . Since the suspension parameters of the measurement were practically unknown (the device has been held by hand), the measurement and the simulation show very good match, so the possibility of the uncontrolled application has been verified, however the performance of such a device would be very poor since the stable phase angle range is limited.
As it can be clearly seen, the control is needed for the optimal and robust application of the device. For the prototype device a very similar control has been implemented as in Eqs. (7) and (8) with the difference that instead of the steady voltage values an integral term has been used in both voltage sum and difference expressions because of the uncertain system parameters. Fig. 12 shows the performance of the realized control. One can see that the accuracy of the control is not as good as in the simulation, and in the unstable domain some disturbances occur (at time = 80 s). The reasons for these effects are: first the control parameters are not optimal, so the control could be further developed; second, the implementation of the digital control is still in development stage. There are some communication and implementation issues, which will be handled later, e.g. the integral term is reset at every update of the desired values, so there is a jump in the signal of the phase angle at every new demand. However, the measurements show clearly that the control is possible in stable and unstable domains as well, even with only two sampled signals per turn. 
Conclusions and outlook
In the present paper we showed a novel vibrotactor concept called Dual Excenter. With this dual-rotor design it is possible to generate vibrations with independent frequency and amplitude. This way one of the major limitations of simple ERM vibrotactors could be avoided.
After the Dual Excenter concept has been introduced, analytical investigations have been carried out to explore the dynamical behaviour of the dual-rotor system. For this reason a 4 degrees-of-freedom mechanical model was used with some idealization. Then stationary motions and their linear stability were investigated, and the effect of the self-synchronization has been revealed. This synchronization enables the use of the device without control, but this kind of operation limits the working area to the stable stationary motions.
To investigate the possibility of a controlled operation, simulations were performed, where the effects of the digital control have been taken into account as well. The simulations proved the results of the analytical investigations, and they allowed us to construct the prototype of the Dual Excenter. Measurements were carried out to test the prototype device in real environment, and the results were encouraging. Although neither the control strategy nor the control parameters were optimized, it was possible to set vibration frequency and amplitude to the desired value with good accuracy and short response time. The measurements showed also that the used mechanical model was a good approximation of the real device, and the idealizations which were introduced have not limited the usability of it.
The overall results of this paper showed, that the Dual Excenter device fulfils the aim of the independent frequency and amplitude, thus it is feasible to use it for generating advanced haptic feedback for applications listed in the Introduction. 
